Functional genomics of seed dormancy in wheat: advances and prospects by Feng Gao & Belay T. Ayele
REVIEW ARTICLE
published: 15 September 2014
doi: 10.3389/fpls.2014.00458
Functional genomics of seed dormancy in wheat: advances
and prospects
Feng Gao and Belay T. Ayele*
Department of Plant Science, University of Manitoba,Winnipeg, MB, Canada
Edited by:
JunYu, Beijing Institute of Genomics,
China
Reviewed by:
Matthew R.Willmann, University of
Pennsylvania, USA
WeiweiWang, University of Alberta,
Canada
*Correspondence:
Belay T. Ayele, Department of Plant
Science, University of Manitoba,
222 Agriculture Building,Winnipeg,
MB R3T 2N2, Canada
e-mail: belay.ayele@umanitoba.ca
Seed dormancy is a mechanism underlying the inability of viable seeds to germinate under
optimal environmental conditions. To achieve rapid and uniform germination, wheat and
other cereal crops have been selected against dormancy. As a result, most of the modern
commercial cultivars have low level of seed dormancy and are susceptible to preharvest
sprouting when wet and moist conditions occur prior to harvest. As it causes substantial
loss in grain yield and quality, preharvest sprouting is an ever-presentmajor constraint to the
production of wheat. The signiﬁcance of the problem emphasizes the need to incorporate
an intermediate level of dormancy into elite wheat cultivars, and this requires detailed
dissection of the mechanisms underlying the regulation of seed dormancy and preharvest
sprouting. Seed dormancy research in wheat often involves after-ripening, a period of
dry storage during which seeds lose dormancy, or comparative analysis of seeds derived
from dormant and non-dormant cultivars. The increasing development in wheat genomic
resources along with the application of transcriptomics, proteomics, and metabolomics
approaches in studying wheat seed dormancy have extended our knowledge of the
mechanisms acting at transcriptional and post-transcriptional levels. Recent progresses
indicate that some of the molecular mechanisms are associated with hormonal pathways,
epigenetic regulations, targeted oxidative modiﬁcations of seed mRNAs and proteins,
redox regulation of seed protein thiols, and modulation of translational activities. Given
that preharvest sprouting is closely associated with seed dormancy, these ﬁndings will
signiﬁcantly contribute to the designing of efﬁcient strategies for breeding preharvest
sprouting tolerant wheat.
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INTRODUCTION
Seed is an important part of crop’s life cycle as it establishes
the next generation. Its function as a basic propagation unit
is inﬂuenced by three critical phases: development, dormancy,
and germination. Seed dormancy refers to the inability of viable
seeds to germinate under apparently optimal environmental con-
ditions. Induction and maintenance of dormancy during seed
maturation is inﬂuenced by genetic and environmental factors.
Thus, seeds derived from different genotypes exhibit varying
degree of dormancy at maturity; however, this can be mod-
ulated by the environment experienced by the mother plant
during the seed development–maturation phase (Benech-Arnold
et al., 2013). Some environmental factors appear to have simi-
lar effects on the dormancy of seeds in different genotypes; for
example, high temperatures, short days, drought, and nutri-
ent availability during seed development are generally associated
with low level of seed dormancy at maturity (Rodriguez et al.,
2011). Seeds can be released from the state of dormancy by
exposure to a number of environmental cues including cold tem-
perature, nitrate, and light; and also by after-ripening, which
refers to a period of dry storage (Bewley and Black, 1994;
Figure 1). Under conditions that are not favorable for germi-
nation, non-dormant seeds may re-enter dormancy, which is
referred as secondary dormancy (Kermode, 2005). The effect of
after-ripening in relieving seed dormancy has been shown to
be associated with physiological changes that represent a crit-
ical control point in determining seeds’ capacity to germinate
upon imbibition; these changes can be measured while the seeds
are still in dry state and during imbibition by comparing after-
ripened seeds with their dormant counterparts (Holdsworth et al.,
2008a,b).
Gene transcripts stored in dry mature seeds represent residuals
of mRNAs from seed developmental processes that will serve as
substrates for the synthesis of proteins during imbibition (Rajjou
et al., 2004; Kimura and Nambara, 2010). For example, 38% of the
mRNAs represented on the GeneChip Wheat Genome Array are
found to be stored in mature dormant seeds of wheat (Gao et al.,
2012). Proteomic studies have shown that storage and non-storage
proteins that will serve as a primary source of reduced nitrogen
and participate in several cellular processes during germination,
respectively, are also stored in mature dormant seeds (Bykova
et al., 2011b; Gao et al., 2013). Dry after-ripening induces accu-
mulation of reactive oxygen species (ROS), and thereby oxidative
modiﬁcations of seed stored mRNAs and proteins, which upon
imbibition affect their translatability and functionality, respec-
tively (Oracz et al., 2007; El-Maarouf-Bouteau et al., 2013; Gao
et al., 2013). Comparison of embryos derived from dry dor-
mant and dry after-ripened sunﬂower seeds revealed that active
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FIGURE 1 | Developmental timeline of dormancy induction and decay
in seeds. Induction and maintenance of primary dormancy during seed
development is inﬂuenced by both genetic and environmental factors.
Transition of mature seeds from dormant to non-dormant state can be
induced by environmental signals including temperature (cold), nitrate and
light, and after-ripening, a period of dry storage during which dormancy breaks
down. Non-dormant seeds complete germination once imbibed or may enter
secondary dormancy if the environmental conditions are unfavorable for
germination. The pathway for preharvest sprouting is represented by the
seeds that go directly from development-maturation to non-dormancy to
germination. Seed dormancy studies in wheat mainly involve after-ripening
and comparative analysis of seeds from dormant and non-dormant cultivars.
metabolic reactions such as gene transcription appear not to occur
during dry after-ripening (Meimoun et al., 2014).
Several studies that compared imbibed after-ripened and dor-
mant seeds have shown the role of after-ripening in inducing
imbibition mediated transcriptional changes that represent var-
ious biological processes including the metabolism and signaling
of plant hormones, which lead to changes in seed hormone level
and/or sensitivity (Preston et al., 2009; Liu et al., 2013), and epige-
netic regulation of gene transcription (Nakabayashi et al., 2005;
Liu et al., 2007; Bouyer et al., 2011). Furthermore, the role of
after-ripening in breaking seed dormancy has been shown to be
associated with imbibition mediated mechanisms operating at
post-transcriptional levels, including oxidative protein carbony-
lation (Job et al., 2005; Oracz et al., 2007), redox regulation of
seed protein thiols (Bykova et al., 2011a), and changes in seed pro-
teome (Chibani et al., 2006; Gao et al., 2013). The physiological
changes induced by after-ripening in both dry and imbibed states
can take place in different seed tissues. For example, comparison
of after-ripening mediated transcriptomic changes in imbibing
embryos and whole seed tissues of wheat revealed that 64% of
the genes regulated by after-ripening are shared by the two tis-
sues (Bassel et al., 2011; Gao et al., 2012), and this may suggest
that at least some of the changes in gene expression occur in tis-
sues other than the embryo, such as the endosperm and aleurone
fractions.
Wheat is one of the most economically important cereal crops
in the world; however, its production is affected by a multitude
of biotic and abiotic factors including the occurrence of wet and
moist conditions prior to harvest that causes preharvest sprout-
ing, which refers to the germination of mature seeds on themother
plant. Preharvest sprouting in cereals causes substantial yield, crop
grade, and end-use quality losses; and the total worldwide direct
ﬁnancial loss associated with ﬁeld sprouting is estimated to be
∼$1 billion annually (Black et al., 2006). The degree of toler-
ance/susceptibility of wheat seeds to preharvest sprouting is closely
associated with the level of dormancy manifested in the seed.
While excessive seed dormancy causes delayed germination and
poor stand establishment (Derera, 1989), reduced dormancy is
also undesirable in the production of cereal crops such as wheat as
it makes the seeds susceptible to preharvest sprouting. The pres-
ence of moderate level of dormancy is, therefore, desirable to
prevent seed sprouting prior to harvest. However, the domestica-
tion and breeding programs of cereal crops including wheat have
been aimed at selection against seed dormancy so as to achieve
quick and uniform germination (Simpson, 1990). As the result of
this selective pressure, most of the commercial wheat cultivars are
prone to preharvest sprouting. Elucidation of themolecularmech-
anisms of seed dormancy in wheat is critical to develop cultivars
with enhanced tolerance to preharvest sprouting. Recent advances
inwheat genomic data generation, assembly, and annotation along
with the application of functional genomics approaches such as
transcriptomics, proteomics, and metabolomics have extended
our knowledge with this respect. This review highlights recent
progresses in our understanding of the molecular switches in
the transcriptional and post-transcriptional programs associated
with the control of seed dormancy and preharvest sprouting in
wheat.
HORMONAL REGULATION OF WHEAT SEED DORMANCY
The role of plant hormones in regulating seed dormancy and
germination through a variety of synergistic and antagonistic
interactions is well described (Kucera et al., 2005; Finkelstein
et al., 2008; Linkies and Leubner-Metzger, 2012). Although prime
attention has been given in unraveling the molecular mech-
anisms underlying the functions of abscisic acid (ABA) and
gibberellin (GA) in the control of seed dormancy, numerous
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recent studies have provided important insights into the molec-
ular features underlying the role of other plant hormones such
as jasmonate, brassinosteroid, and ethylene in the regulation
of seed dormancy and germination. As most of these studies
have been focused on the seeds of dicot species, understand-
ing of this phenomenon in the seeds of cereal crops, speciﬁcally
wheat, has been lagging. However, recent improvements in bioin-
formatics for sequence-based identiﬁcation of candidate wheat
hormonal ortholog genes from publicly available databases along
with the use of functional genomics approaches in studying
hormonal regulation of wheat seed dormancy and germina-
tion is advancing our knowledge of the underlying molecular
mechanisms.
MOLECULAR SWITCHES ASSOCIATED WITH ABSCISIC ACID
METABOLISM
Abscisic acid is a major player in regulating seed dormancy
(Rodriguez-Gacio et al., 2009), and its level in seeds is con-
trolled by a balance between its biosynthesis and inactivation
(Nambara et al., 2010). While its biosynthesis is catalyzed by sev-
eral enzymes,NINE-CIS-EPOXYCAROTENOIDDIOXYGENASE
(NCED) appears to be themajor regulator of ABA synthesis during
seed maturation. In Arabidopsis, NCED6 and NCED9 are highly
expressed in developing seeds, and mutational analysis of these
two genes indicated their role in inducing ABA synthesis and seed
dormancy (Lefebvre et al., 2006). Developing seeds of barley and
wheat accumulate ABA in which the level reaches a maximum
during the mid- and late-maturation phases (Suzuki et al., 2000;
Chono et al., 2006), suggesting the signiﬁcance of ABA for the
induction of embryo dormancy (Garello and Le Page-Degivry,
1999). NCED2 of barley is suggested to have a primary role
in regulating ABA level during seed development (Chono et al.,
2006).
Inactivation of the biologically active ABA takes place through
hydroxylation or conjugation with sugars. ABA hydroxylation
at C-8′ position is considered to be the predominant ABA
inactivation pathway (Nambara and Marion-Poll, 2005), and it
appears to be critical in regulating seed dormancy release (Gubler
et al., 2005). This reaction is catalyzed by ABA 8′-hydroxylase
(ABA8′OH), a cytochrome P450 monooxygenase that is encoded
by the ABA8′OH (CYP707A) gene family (Nambara et al., 2010).
Previous studies in barley have shown that after-ripening of dor-
mant seeds activates the transcription of ABA′OH1 in embryos
during imbibition, and this is associated with a decline in ABA
level (Millar et al., 2006; Gubler et al., 2008). RNAi based muta-
tional analysis of ABA′OH1 revealed the critical role of this gene in
controlling embryo ABA content and dormancy release in barley
(Gubler et al., 2008). The embryonic ABA content is also shown to
be positively correlated with the level of dormancy in sorghum
seeds (Benech-Arnold et al., 1999). However, studies in wheat
have reported no association between the levels of dormancy and
embryo ABA (Walker-Simmons, 1987; Morris et al., 1989; King,
1993). In agreement with these reports, a recent transcriptomic
and targeted metabolic analysis between whole dormant and after-
ripened wheat seeds showed a difference neither in the expression
of ABA metabolic genes nor in seed ABA content in both dry
and hydrated states (Liu et al., 2013). Seed ABA level, however,
declined similarly during imbibition in both dormant and after-
ripened seed samples, which was accompanied by transcriptional
repression and activation of speciﬁc wheat orthologs of NCED
and ABA′OH genes, respectively. Contrary to this, a recent study
showed that embryos of a wheat double mutant of ABA′OH1-
A and ABA′OH1-D contain higher amounts of ABA during seed
development, and exhibit lower germination than those derived
from the correspondingwild type (Chono et al., 2013), implicating
the role of ABA catabolism in the regulation of seed dormancy and
germination in wheat. These results emphasize the need of further
studies such as functional analysis of the associated molecular ele-
ments in order to gain important insights into the involvement of
ABA metabolism in the regulation of wheat seed dormancy and
germination.
MOLECULAR SWITCHES ASSOCIATED WITH ABSCISIC ACID
SIGNALING
The role of ABA in delaying wheat seed germination has been
demonstrated (Liu et al., 2013; Chitnis et al., 2014). This effect
of ABA has been shown to be associated with transcriptional
repressions of biological processes related to chromatin assem-
bly, cytoplasmic membrane-bound vesicle, and carbohydrate
metabolism such as starch and maltose degradation, and cell
wall hydrolysis; and transcriptional activation of GA catabolism
(Liu et al., 2013). Central to ABA signaling in seeds are three
core components: PYRABACTIN RESISTANCE/PYRABACTIN-
LIKE/REGULATORY COMPONENTS OF ABA RECEPTORS
(PYR/PYL/RCAR), PROTEIN PHOSPHATASE 2Cs (PP2Cs) and
SNF1-RELATED PROTEIN KINASE 2s (SnRK2s; reviewed in
Nambara et al., 2010; Figure 2). The binding of ABA to its recep-
tor PYR/PYL/RCAR forms a complex, which in turn interacts
with and inhibits the activity of PP2Cs that negatively regulate
ABA signaling through repression of SnRK2s, the positive reg-
ulators of downstream targets. Inhibition of the PP2Cs leads to
de-repression of SnRK2s,which phosphorylate and activate down-
stream transcription factors including the bZIP-type transcription
factors ABFs and ABSCISIC ACID INSENSITIVE5 (ABI5), the
AP2-type transcription factor ABI4, and the B3-type protein
ABI3 that are key to regulate the expression of ABA responsive
genes in seeds (Nambara et al., 2010). When there is no ABA,
PP2Cs dephosphorylate and deactivate SnRK2s. The ABA signal-
ing pathway involving these molecular components appear to be
conserved in the seeds of both dicot and monocot species (Kim
et al., 2012).
Analyses of mutational effects and QTL in wheat have
demonstrated the signiﬁcance of seed ABA sensitivity in reg-
ulating dormancy (Kawakami et al., 1997; Noda et al., 2002;
Schramm et al., 2010, 2012, 2013). Indeed, dormant wheat seeds
exhibit increased sensitivity to ABA as compared to the non-
dormant counterparts (Walker-Simmons, 1987; Morris et al.,
1989; Corbineau et al., 2000). A study in rice has demonstrated
that seeds expressing the ABA receptor ortholog, OsPYL/RCAR5,
are hypersensitive to ABA during germination (Kim et al., 2012).
A recent comparative transcriptomic analysis of the whole seed
(consisting of the embryo, endosperm, aleurone layer, and testa)
between dormant and after-ripened samples of wheat, however,
revealed no differential transcription of wheat PYR/PYL/RCAR
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FIGURE 2 | Model for ABA signaling in plants. PYR/PYL/RCAR,
pyrabactin resistance/PYR-like/regulatory components of ABA receptors;
PP2C, protein phosphatase 2C; SnRK, SNF1-related protein kinase2; ABF,
ABA responsive element binding factor; ABI3/4/5, ABA insensitive 3/4/5.
ABI3 and ABI5 proteins physically interact with each other.
orthologs represented in the GeneChipWheat GenomeArray dur-
ing imbibition (Liu et al., 2013). This ﬁnding might suggest that
the speciﬁc orthologs identiﬁed in this study do not participate in
the activation of ABA signaling or they are subjected to regulations
by post-transcriptional mechanisms. Thus, further characteriza-
tion of wheat PYRPYL/RCAR orthologs in seeds is necessary to
gain insights into their functionality with respect to dormancy
and the associated regulatory mechanisms.
On the contrary, coordinated transcriptional repression of
speciﬁc wheat orthologs of SnRK2 and ABI5 was apparent in
after-ripened seeds (Liu et al., 2013). A member of wheat SnRK2,
PKABA1 (Gomez-Cadenas et al., 1999), interacts with a seed spe-
ciﬁc wheat homolog of ABI5, TaABF1 (Johnson et al., 2002),
thereby activating the transcription of ABA responsive genes
(Hobo et al., 1999). Although the physiological functions of
PKABA1 and TaABF1 remains to be elucidated, the association
of their transcriptional repression in the embryo with reduced
seed dormancy and sensitivity to ABA in wheat and other cereal
seeds might highlight the signiﬁcance of these ABA signaling
components in the control of seed dormancy and germination
(Rodriguez et al., 2009; Rikiishi and Maekawa, 2010). It is well
established that the ABI3 protein acts upstream of ABI5 in the
ABA signal transduction pathway, and thereby regulates its action
to execute ABA-dependent growth inhibition during germination
(Lopez-Molina et al., 2002). Consistent with this, the expres-
sion of ABI3 ortholog of wheat, VIVIPAROUS1 (VP1) in the
embryo correlates positively with the degree of seed dormancy
and sensitivity to ABA (Nakamura and Toyama, 2001; Laethauwer
et al., 2012). Furthermore, developing embryos of wheat seeds
expressing the VP1 ortholog of oat exhibit increased sensitivity
to ABA (McKibbin et al., 2002). In contrast to these results, anal-
ysis of the whole imbibing dormant and after-ripened seeds of
wheat exhibit no apparent differential transcription of VP1 (Liu
et al., 2013), which might be attributed to the misplicing nature
of wheat VP1 that compromises its expression (McKibbin et al.,
2002).
Other ABA signaling components that are implicated to
have roles in seed dormancy include the S-PHASE KINASE-
ASSOCIATED PROTEIN1 (SKP1), ABI3-INTERACTING PRO-
TEIN2 (AIP2), and LIPID PHOSPHATE PHOSPHATASE2
(LPP2). The SKP1 protein forms a subunit of the SCF complex
E3 ligase and regulates ABA signaling through degradation of spe-
ciﬁc proteins (Sadanandom et al., 2012). Since overexpression of
the wheat SKP1-like1 (TSK1) in Arabidopsis causes delay in seed
germination and hypersensitivity to ABA, it has been suggested
that the PP2Cs, which act as a negative regulator of ABA signaling,
might be the targets of the SCF complex formed by SKP1 (Li et al.,
2012).
The AIP2 is an E3 ligase that represses ABA signaling by tar-
geting ABI3 for degradation, and null mutation in the AIP2 of
Arabidopsis leads to enhanced seed sensitivity to ABA (Zhang
et al., 2005). Comparative transcriptomic analysis of dormant
and after-ripened whole wheat seeds in both dry and hydrated
states, however, showed no differential transcription or downreg-
ulation of the SKP1 and AIP2 orthologs in the after-ripened seeds
(Liu et al., 2013). This might imply that the role of SKP1 and
AIP2 in seed dormancy is likely mediated by post-transcriptional
regulation.
The LPP2 catalyzes the synthesis of phosphatidic acid, which is
involved in ABA signaling in germinating Arabidopsis seeds (Kata-
giri et al., 2005). It has been shown through mutational study
that LPP2 functions as a negative regulator of ABA signaling
upstream of ABI4, one of the transcription factors that medi-
ate ABA-induced gene transcription. Transcriptional activations
of speciﬁc LPP orthologs in the coleorhiza and at whole-seed
level following after-ripening of dormant barley and wheat seeds,
respectively, might suggest the signiﬁcance of LPP in regulating
ABA sensitivity and dormancy in cereal seeds (Barrero et al., 2009;
Liu et al., 2013).
In addition, Xi et al. (2010) identiﬁed MOTHER OF FT
AND TFL1 (MFT) as a molecular element capable of enhanc-
ing Arabidopsis seed germination by conferring negative feedback
regulation of ABA signaling, which is mediated via transcriptional
repression of ABI5. However, the wheat homolog of MFT appears
to have an opposite role as its expression in the embryo is posi-
tively correlated with the level of seed dormancy (Nakamura et al.,
2011). Indeed,MFT is repressed in the whole seed tissue of imbib-
ing after-ripened relative to the corresponding dormant wheat
samples (Liu et al., 2013). However, the mechanisms by which
MFT regulates dormancy in wheat seeds remain to be elucidated.
On the contrary to the ﬁndings of other studies that sug-
gested a relationship between dormancy and seed sensitivity to
ABA, a study by Gerjets et al. (2010) showed a clear correla-
tion between the rate of seed after-ripening and susceptibility to
sprouting but with no direct relationship between after-ripening
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and embryo ABA responsiveness. Whether wheat seed dormancy
and after-ripening are controlled by separate genetic pathways,
as shown in Arabidopsis (Carrera et al., 2008), awaits further
investigation.
MOLECULAR FEATURES RELATED TO GIBBERELLIN METABOLISM AND
SIGNALING
The role for GA in the control of seed dormancy and germination
has been described (Finch-Savage and Leubner-Metzger, 2006).
The amount of bioactive GAs in plant tissues is controlled by
the balance between their synthesis and inactivation, which are
mainly regulated by genes encoding GA 20-OXIDASE (GA20ox)
and GA 3-OXIDASE (GA3ox), and GA 2-OXIDASE (GA20ox),
respectively (Yamaguchi, 2008). Differential transcriptions of the
orthologs of these genes in response to after-ripening or between
seeds derived from dormant and non-dormant cultivars of cereal
crops have implicated GA in the regulation of dormancy and
germination in these species. For example, imbibition mediated
transcriptional activation of GA20ox and GA3ox orthologs occurs
in the embryo and whole seed of after-ripened as compared to
dormant samples of barley and wheat, respectively (Gubler et al.,
2008; Liu et al., 2013). Furthermore, transcriptional induction of
speciﬁc GA20ox orthologs accompanies increased bioactive GA4
level in the embryos of non-dormant seeds of sorghum, while
those derived from dormant seeds exhibit upregulation of spe-
ciﬁc GA2ox orthologs and low level of GA4 (Rodriguez et al.,
2012). Mutational analysis of these genes will have a signiﬁ-
cant contribution in elucidating the molecular mechanisms that
underlie the regulation of wheat seed dormancy and germination
by GA.
The GA signal in plants is perceived by a soluble receptor pro-
tein, GIBBERELLIN INSENSITIVE DWARF1 (GID1), which was
ﬁrst identiﬁed in rice (Ueguchi-Tanaka et al., 2005). The orthologs
of GID1 have also been identiﬁed in barley (Chandler et al., 2008)
and wheat (Li et al., 2013). Although the function of the wheat
ortholog of GID1 with respect to seed dormancy awaits charac-
terization, mutation in GID1 of rice has been shown to lead to
the repression of α-amylase synthesis with no apparent inhibitory
effect on germination (Ueguchi-Tanaka et al., 2005).
Another key component of GA signaling in plants is the DELLA
protein, which acts as repressor of GA activated responses; and it
is degraded by GA through ubiquitination (Sun, 2011). Arabidop-
sis consists of ﬁve DELLAs including GA INSENSITIVE (GAI),
REPRESSOR OF GA1-3 (RGA), RGA-LIKE1 (RGL1), RGL2, and
RGL3 (Davière and Achard, 2013), of which RGL2 is considered
the major repressor of seed germination (Lee et al., 2002; Tyler
et al., 2004). The DELLA proteins of cereals such as SLENDER
RICE1 (SLR1) of rice (Ikeda et al., 2001); SLENDER1 (SLN1) of
barley (Chandler et al., 2002) and REDUCED HEIGHT (RHT)
of wheat (Peng et al., 1999) are encoded by a single gene. The
seeds of DELLA mutants of barley are non-dormant and show
enhanced activity of α-amylase in the aleurone layer (Chandler,
1988).
Apart from DELLA proteins, GAMYB, a GA-regulated MYB
transcriptional regulator, plays an important role in GA sig-
naling in cereal aleurone cells (Gubler et al., 1995, 1999). By
binding directly to the GA-response element in the promoter
regions,GAMYBmediatesGA regulated transcriptional activation
of hydrolytic enzymes, in particular that of α-amylase, in cereal
aleurone (Gubler et al., 1995, 1999). Consistently, mutation in the
rice ortholog of GAMYB leads to repression of α-amylase genes
with no effect on germination (Kaneko et al., 2004). The func-
tion of GAMYB protein in cereal aleurone is repressed by KINASE
ASSOCIATED WITH GAMYB1 (KGM1), and this may contribute
to the inhibition of expression of hydrolase genes (Woodger et al.,
2003).
A recent whole-seed based transcriptomic study showed no dif-
ferential transcription of wheat orthologs of GID1,RHT,GAMYB,
and KGM represented in the GeneChip Wheat Genome Array
between dormant and after-ripened seeds, although the transcrip-
tion of GA responsive genes such as those encoding amylases and
cell wall hydrolases is induced in response to after-ripening (Liu
et al., 2013). These results might suggest that wheat seed respon-
siveness to GA is regulated by post-transcriptional mechanisms or
operate independent of these GA signaling factors. For example,
a study by Cao et al. (2006) suggested the presence of DELLA-
independent GA signaling pathway in germinating Arabidopsis
seeds.
MOLECULAR SWITCHES RELATED TO OTHER PLANT HORMONES
Previous studies implicate jasmonate, ethylene, and brassinos-
teroid (BR) in the regulation of seed dormancy (Kucera et al., 2005;
Matilla and Matilla-Vázquez, 2008; Linkies and Leubner-Metzger,
2012). Transcriptomic analysis of dormancy at whole-seed level in
wheat has revealed imbibition induced changes in the expression
of speciﬁc orthologs of genes related to jasmonate, ethylene, and
BR in response to after-ripening (Liu et al., 2013; Chitnis et al.,
2014), providing insights into the roles of these hormones in the
regulation of wheat seed dormancy and germination. With respect
to jasmonates, transcriptional activation of speciﬁc orthologs of
the jasmonate biosynthetic genes, ALLENE OXIDE SYNTHASE
(AOS), 3-KETOACYL COENZYME A THIOLASE3 (KAT3), and
LIPOXYGENASE5 (LOX5), was observed during imbibition of
after-ripened seeds. This alongwith the presence of higher amount
of jasmonate-isoleucine in imbibed after-ripened than dormant
seeds might imply the role of jasmonate in wheat dormancy
control. Consistently, a recent report by Jacobsen et al. (2013) indi-
cated that methyl jasmonate reduces the level of seed dormancy in
wheat. This role of methyl jasmonates has been shown to be medi-
ated by changes in embryo ABA content and the expressions of
NCED1 and ABA8′OH1 genes. Furthermore, after-ripening leads
to the repression of speciﬁc wheat orthologs of MITOGEN ACTI-
VATED PROTEIN KINASE1 (MAPK1), which acts as a negative
regulator of JA signaling and the transcriptional activation of JA
responsive genes during seed imbibition (Liu et al., 2013). Simi-
larly, the orthologs of jasmonate biosynthesis genes, JASMONATE
12-OXOPHYTODIENOIC ACID REDUCTASE (OPR) and AOS,
and jasmonate receptor gene, CORONATINE INSENSITIVE1
(COI1), exhibited transcriptional activation in the coleorhiza of
after-ripened barley seeds (Barrero et al., 2009).
Using a whole-seed system, it has been shown recently that
after-ripening of dormant wheat seeds leads to imbibition medi-
ated transcriptional activation of speciﬁc orthologs of BR biosyn-
thetic genes, DE-ETIOLATED2 (DET2) and DWARF4 (DWF4;
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Chitnis et al., 2014). Furthermore, upregulation of orthologs of
BR SIGNALINGKINASE (BSK),which functions as a positive reg-
ulator of BR signaling (Tang et al., 2008); and downregulation of
speciﬁc orthologs of BR INSENSITIVE2 (BIN2) that functions as a
negative regulator of BR signaling (Li and Nam, 2002) were appar-
ent during imbibition of after-ripened seeds. These transcriptional
regulations of the BR biosynthesis and signaling components dur-
ing imbibition of after-ripened wheat seeds have been shown to be
coordinated with the transcriptional induction of BR responsive
orthologs including PACLOBUTRAZOL RESISTANCE (PRE) and
BR ENHANCED EXPRESSION (BEE; Chitnis et al., 2014), which
are involved in cell elongation (Friedrichsen et al., 2002; Zhang
et al., 2009), a process necessary for the completion of seed germi-
nation. These results altogether imply the role of BR in the control
of wheat seed dormancy and germination.
Previous studies in Arabidopsis indicated that BR regu-
lates dormancy by counteracting the effect of ABA (Steber
and McCourt, 2001; Divi and Krishna, 2010) and enhanc-
ing the production of ethylene, which has been implicated
in the regulation of seed dormancy in monocot species
such as wild oat (Adkins and Ross, 1981). The role of
BR in inducing ethylene synthesis in Arabidopsis appears to
be post-transcriptional, by mediating the stabilization of the
ethylene biosynthetic enzyme 1-AMINOCYCLOPROPANE-1-
CARBOXYLIC ACID (ACC) SYNTHASE (ACS) that catalyzes
the ﬁrst committed and rate limiting step (Hansen et al., 2009).
However, if the same mechanisms underlie the role of BR in
the control of wheat dormancy remains to be elucidated. Apart
from ACS, the synthesis of ethylene is catalyzed by ACC OXI-
DASE (ACO). Wheat orthologs of ACO exhibit upregulation at
the whole-seed level during imbibition of after-ripened as com-
pared to dormant samples (Chitnis et al., 2014). This along with
the transcriptional induction of wheat orthologs of the ethy-
lene receptor, ETHYLENE RESPONSE SENSOR1 (ERS1), and
ethylene regulated genes in response to after-ripening implicate
ethylene in the control of wheat seed dormancy and germi-
nation. Contrary to this, in other cereal crops such as barley
and red rice, the role of ethylene has been associated with the
promotion of germination of non-dormant seeds but not with
dormancy loss (Locke et al., 2000; Gianinetti et al., 2007). Over-
all, the role of ethylene in regulating seed dormancy appears
to be less obvious at this point (Matilla and Matilla-Vázquez,
2008), emphasizing the need of further studies to investigate if
it functions as a regulator of seed dormancy in different plant
species.
REGULATION OF WHEAT SEED DORMANCY BY EPIGENETIC
MECHANISMS
Apart from transcriptional regulatory events, epigenetic mech-
anisms including histone modiﬁcations, DNA methylation, and
chromatin remodeling regulate gene expression in plant devel-
opmental processes (Cooke et al., 2012). Previous studies in
Arabidopsis highlight the signiﬁcance of these epigenetic mech-
anisms in the control of seed dormancy (Graeber et al., 2012).
Evidences suggesting the role for epigenetic regulation of gene
expression in the control of dormancy and germination in cereal
seeds are emerging. For example, genes linked to chromatin
structure and histone genes are found to be overrepresented
among genes transcriptionally induced at whole-seed level during
germination of non-dormant barley seeds, speciﬁcally during the
late germination phase (An and Lin, 2011). Furthermore, con-
sistent expression of the SET family transcription factors that
play a role in histone methylation (Malagnac et al., 2002; Xiao
et al., 2003) is apparent in the embryos during germination of
non-dormant rice seeds (Howell et al., 2009). In accordance,
wheat orthologs transcriptionally activated in the whole seed
during imbibition of after-ripened samples are enriched in the
chromatin assembly gene ontology (Gao et al., 2012). These
orthologs include those representing histone proteins such as
H4, HTA11, HTA12, HTB11, HTB9, and FASCIATA1, a his-
tone binding protein, that are important for nucleosome and
chromatin formation, and thereby regulation of gene expression.
Furthermore, orthologs of histone modiﬁcation genes including
CHROMOMETHYLASE3 and METHYLTRANSFERASE1 exhibit
transcriptional induction in imbibed after-ripened relative to dor-
mant seeds. These results suggest the role of epigenetic regulation
of gene expression in mediating after-ripening induced develop-
mental switch of wheat seeds from dormant to non-dormant state.
Further studies are required to identify more dormancy related
epigenetic regulators and deﬁne how the orthologs related to epi-
genetic mechanisms are involved in the control of wheat seed
dormancy and germination.
REGULATION OF WHEAT SEED DORMANCY BY OXIDATIVE
MODIFICATION OF GENE TRANSCRIPTS AND PROTEINS
Seed dormancy release by dry after-ripening is associated with
autooxidation-mediated accumulation of ROS such as superoxide,
hydrogen peroxide, and hydroxyl radicals (El-Maarouf-Bouteau
and Bailly, 2008). Apart from playing signaling roles in several cel-
lular processes, the ROS produced during dry after-ripening are
involved in the non-enzymatic oxidation of selected seed stored
mRNAs and proteins, which lead to decreased protein synthe-
sis and impaired protein function upon imbibition, respectively
(El-Maarouf-Bouteau et al., 2013). The ﬁrst line of evidence for
targeted oxidation of such seed stored transcripts during after-
ripening and its association with dormancy release has come
from the study of sunﬂower embryos (Bazin et al., 2011). A sub-
sequent study in wheat using a whole-seed system conﬁrmed
that oxidative modiﬁcation of speciﬁc seed stored mRNAs occurs
during dry after-ripening (Gao et al., 2013). The oxidized tran-
scripts in wheat seeds correspond to orthologs over-represented
in nutrient reservoir activity, such as those encoding seed storage
proteins gliadin and glutenin, and α-amylase inhibitor activity,
such as those encoding the α-amylase/trypsin inhibitor desig-
nated as CM (because of its solubility in chloroform/methanol).
Dry after-ripening also induces oxidation of other speciﬁc tran-
scripts corresponding to granule bound starch synthase I (GBSSI),
peroxidase (POX), and ribosomal protein. These results indi-
cate the signiﬁcance of post-transcriptional regulation of the
associated biological processes in the control of dormancy in
wheat seeds. Therefore, it is plausible to suggest that targeted
oxidation of seed stored mRNA is one of the conserved mech-
anisms underlying the regulation of seed dormancy in both
monocot and dicot species. Another mechanism by which the
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ROS regulates seed dormancy and germination is by inducing
modiﬁcations to the redox state of seed protein thiols, which
ultimately lead to changes in protein properties and functions
(Buchanan and Balmer, 2005). Using a whole-seed based pro-
teomic analysis, Bykova et al. (2011a) showed that after-ripening
mediated seed dormancy release in wheat is associated with
changes in the thiol-redox state of proteins involved in carbohy-
drate metabolism, synthesis of secondary metabolites, energy and
amino acid metabolism, genetic information processing, trans-
port, and antioxidative defense. Differential redox state of seed
proteins is also apparent between wheat seeds derived from dor-
mant and non-dormant hybrid genotypes (Bykova et al., 2011b).
The role of ROS in regulating cellular processes is also mediated
by their interaction with ABA and GA signaling (El-Maarouf-
Bouteau and Bailly, 2008). Consistently, changes in the redox
state of wheat seed proteins appear to be modulated by GA and
ABA (Bykova et al., 2011a), although the underlying mechanisms
remain to be investigated.
WHEAT SEED DORMANCY AND CHANGES IN SEED
PROTEOME
In addition to induction of changes in protein redox status,
dry after-ripening triggers differential abundance of speciﬁc seed
stored proteins in the whole seed of wheat, including repres-
sion of those identiﬁed as storage protein triticin, antioxidative
superoxide dismutase (SOD), α-amylase/trypsin inhibitor desig-
nated as CM16, a protease inhibitor cystatin, and 14-3-3 proteins
(14-3-3s) that controls ABA action in seeds positively (Gao et al.,
2013). The repression of these proteins is likely triggered by ROS
mediated oxidation, and the results imply the association of seed
dormancy release by dry after-ripening with enhanced degra-
dation or proteolysis and hydrolysis of storage reserves, loss of
seed sensitivity to ABA, and maintenance of the cellular ROS
homoeostasis. While some whole-seed proteins of wheat are reg-
ulated by imbibition irrespective of seed dormancy status (Park
et al., 2013), after-ripening causes the repression of speciﬁc pro-
teins, including storage proteins triticin and globulin 3, GBSSI,
protease inhibitor serpins, eukaryotic translation initiation factors
(eIF) 5A1 and eIF6, and protein disulﬁde isomerase (PDI) dur-
ing seed imbibition (Gao et al., 2013). These results suggest that
changes in the translation of speciﬁc seed proteins form an integral
part of the mechanisms underlying the after-ripening mediated
dormancy release and subsequent germination of wheat seeds.
The putative wheat seed dormancy controlling mechanism
associated with after-ripening mediated oxidative modiﬁcation of
seed stored mRNAs and change in seed proteome is depicted by
a model shown in Figure 3. The model postulates that dry after-
ripening suppresses the synthesis of CM,GBSSI, POX, and speciﬁc
seed storage proteins through oxidative modiﬁcations of the cor-
responding seed stored mRNAs, and thereby contributes to the
FIGURE 3 | Putative model for post-transcriptional regulation of
after-ripening mediated seed dormancy release in wheat: events or
components associated with after-ripening induced oxidative
modification of seed stored mRNAs in dry state (shown in blue text) and
changes in seed protein abundance in both dry and imbibed states. AR,
after-ripening; PDI, protein disulﬁde isomerase; CM, chloroform: methanol
soluble α-amylase/trypsin inhibitor; α-AMY, alpha-amylase; GBSS, granule
bound starch synthase; eIFs, eukaryotic translation initiation factors; 14-3-3s,
14-3-3 proteins; ABA, abscisic acid; SOD, superoxide dismutase; POX,
peroxidase; ROS, reactive oxygen species.
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release of seeds from the state of dormancy. After-ripening also
enhances proteolysis and hydrolysis of storage proteins and starch
by repressing the activity of proteases and amylase inhibitors, such
as serpins, cystatins, and CM proteins. Furthermore, through
inhibition of the activity of PDIs and starch synthases that are
involved in the accumulation of storage proteins and starch, after-
ripening promotes the degradation of seed reserves, producing
substrates for oxidative phosphorylation to generate energy that
fuels embryo growth. The model also depicts the role of after-
ripening in inducing the loss of seed sensitivity to ABA through
repression of the 14-3-3s that control ABA action in germinat-
ing seeds (Schoonheim et al., 2007) and accumulation of ROS via
inhibition of antioxidative enzymes such as SOD. The oxidation
of seed stored mRNA corresponding to ribosomal protein and
repression of speciﬁc translation factors such as eIF6 and eIF5A1
in response to after-ripening implicate selective de novo synthesis
of metabolically active proteins that are essential for dormancy
decay and germination.
CONCLUSION AND FUTURE PROSPECTS
Previous studies have shown that the role of after-ripening in
enhancing dormancy breakage in wheat seeds is associated with
changes in gene expression and seed proteome, and targeted
oxidation of seed stored transcripts and proteins. Beyond oxida-
tive modiﬁcation, after-ripening is likely to cause other forms of
RNA/protein or epigenomic modiﬁcations that potentially trigger
seed dormancy decay in dry and/or imbibed states. Thus, appli-
cation of functional genomic approaches for global analysis of
such modiﬁcations in response to after-ripening will contribute
signiﬁcantly to advancing our understanding of the molecular
mechanismsunderlyingwheat seed dormancy. Furthermore,most
dormancy studies in wheat are focused on post-harvest of seeds.
However, the biotic and abiotic factors experienced by the mother
plant during pre- and post-dormancy induction phases of wheat
seed development are critical in regulating the state of dormancy
manifested by freshly harvested seeds. Therefore, global compar-
ative studies with respect to conditions experienced during seed
development are crucial to identify important wheat orthologs
that control dormancy status in wheat seeds. For example, tran-
scriptomic analysis of differentially expressed genes betweenwheat
embryos harvested from mature seeds grown under low and
high temperature regimes enabled the identiﬁcation of a wheat
homolog of MFT as an important regulator of seed dormancy
(Nakamura et al., 2011).
Functional assignment of candidate wheat orthologs is mostly
performed based on sequence similarity or identity. However,
sequence-based functional assignment of gene orthologs may lead
to incorrect annotations. This is because orthologs that are highly
divergent across species may have the same function while those
with similar sequences may have different functions. Further-
more, new functions of the wheat orthologs cannot be identiﬁed
through such sequence-based annotations. Therefore, investigat-
ing the physiological functions of the candidate orthologs or
proteins identiﬁed through “omic” approaches as regulators of
wheat seeddormancy is important. As commonwheat is hexaploid
(2n = 42) that contains three subgenomes, namely A, B, and D;
and seven pairs of homoeologous chromosomes per subgenome,
each gene has three copies. Previous studies have shown that the
genomic contributions to the total expression of a target gene vary
with tissues and developmental stages (Nomura et al., 2005; Deol
et al., 2013). Therefore, identifying and characterizing the homoe-
ologs of a candidate gene from each of the three genomes, and
elucidating the degree of their contributions to the total expres-
sion of a target gene are important for detailed dissection of
the underlying molecular mechanisms regulating seed dormancy.
Genomic resources assembled from the whole genome sequence
made available by using the next-generation sequencing technol-
ogy (Brenchley et al., 2012) and those being generated through the
on-going chromosome-based wheat genome sequencing by the
International Wheat Genome Sequencing Consortium will have
a signiﬁcant contribution in accelerating the identiﬁcation and
functional analysis of seed dormancy related genes in wheat.
In summary, the application of functional genomics tech-
nologies in studying wheat seed dormancy and germination has
enhanced the discovery of transcriptional andpost-transcriptional
switches that form an integral part of the molecular mecha-
nisms underlying the control of seed dormancy and germination
in wheat. Since preharvest sprouting is closely associated with
seed dormancy, the ﬁndings will have signiﬁcant contributions
in accelerating wheat breeding for improved preharvest sprouting
tolerance.
ACKNOWLEDGMENTS
This work was supported by a grant from the Natural Sciences
and Engineering Research Council of Canada, Western Grains
Research Foundation, and Manitoba Agri-Food Research and
Development Initiative to Belay T. Ayele.
REFERENCES
Adkins, S. W., and Ross, J. D. (1981). Studies in wild oat seed dormancy. I. The role
of ethylene in dormancy breakage and germination of wild oat seeds (Avena fatua
L.). Plant Physiol. 67, 358–362. doi: 10.1104/pp.67.2.358
An,Y. Q., and Lin, L. (2011). Transcriptional regulatory programs underlying barley
germination and regulatory functions of Gibberellin and abscisic acid. BMCPlant
Biol. 11:105. doi: 10.1186/1471-2229-11–105
Barrero, J. M., Talbot, M. J., White, R. G., Jacobsen, J. V., and Gubler, F. (2009).
Anatomical and transcriptomic studies of the coleorhiza reveal the importance of
this tissue in regulating dormancy in barley. Plant Physiol. 150, 1006–1021. doi:
10.1104/pp.109.137901
Bassel, G. W., Lan, H., Glaab, E., Gibbs, D. J., Gerjets, T., Krasnogor, N., et al. (2011).
Genome-wide network model capturing seed germination reveals coordinated
regulation of plant cellular phase transitions. Proc. Natl. Acad. Sci. U.S.A. 108,
9709–9714. doi: 10.1073/pnas.1100958108
Bazin, J., Langlade, N., Vincourt, P., Arribat, S., Balzergue, S., El-Maarouf-
Bouteau, H., et al. (2011). Targeted mRNA oxidation regulates sunﬂower seed
dormancy alleviation during dry after-ripening. Plant Cell 23, 2196–2208. doi:
10.1105/tpc.111.086694
Benech-Arnold, R. L., Giallorenzi, M. C., Frank, J., and Rodriguez, V. (1999).
Termination of hull-imposed dormancy in developing barley grains is correlated
with changes in embryonic ABA levels and sensitivity. Seed Sci. Res. 9, 39–47. doi:
10.1017/S0960258599000045
Benech-Arnold, R. L., Rodriguez, M. V., and Batlla, D. (2013). “Seed dormancy and
agriculture, physiology,” in Sustainable Food Production, eds P. Christou, R. Savin,
B. A. Costa-Pierce, I. Misztal, and C. B. A. Whitelaw (New York, NY: Springer),
1425–1435. doi: 10.1007/978-1-4614-5797-8_192
Bewley, J. D., and Black, M. (1994). Seeds: Physiology of Development and
Germination, 2nd Edn. New York, NY: Plenum Press.
Black, M., Bewley, J. D., and Halmer, P. (2006). The Encyclopedia of Seeds Science,
Technology and Uses. Wallingford: CABI Publishing, 528.
Frontiers in Plant Science | Plant Genetics and Genomics September 2014 | Volume 5 | Article 458 | 8
Gao and Ayele Seed dormancy in wheat
Bouyer, D., Roudier, F., Heese, M., Andersen, E. D., Gey, D., Nowack, M. K., et al.
(2011). Polycomb repressive complex 2 controls the embryo-to-seedling phase
transition. PLoS Genet. 7:e1002014. doi: 10.1371/journal.pgen.1002014
Brenchley, R., Spannagl, M., Pfeifer, M., Barker, G. L. A., D’Amore, R., Allen, A. M.,
et al. (2012). Analysis of the bread wheat genome using whole-genome shotgun
sequencing. Nature 491, 705–710. doi: 10.1038/nature11650
Buchanan, B. B., and Balmer, Y. (2005). Redox regulation: a broadening hori-
zon. Annu. Rev. Plant Biol. 56, 187–220. doi: 10.1146/annurev.arplant.56.032604.
144246
Bykova, N. V., Hoehn, B., Rampitsch, C., Banks, T., Stebbing, J. A., Fan, T.,
et al. (2011a). Redox-sensitive proteome and antioxidant strategies in wheat seed
dormancy control. Proteomics 11, 865–882. doi: 10.1002/pmic.200900810
Bykova, N. V., Hoehn, B., Rampitsch, C., Hu, J. J., Stebbing, J. A., and
Knox, R. (2011b). Thiol redox-sensitive seed proteome in dormant and non-
dormant hybrid genotypes of wheat. Phytochemistry 72, 1162–1172. doi:
10.1016/j.phytochem.2010.12.021
Cao, D., Cheng, H., Wu, W., Soo, H. M., and Peng, J. R. (2006). Gibberellin
mobilizes distinct DELLA-dependent transcriptomes to regulated seed germi-
nation and ﬂoral development in Arabidopsis. Plant Physiol. 142, 509–525. doi:
10.1104/pp.106.082289
Carrera, E., Holman, T., Medhurst, A., Dietrich, D., Footitt, S., Theodoulou, F.
L., et al. (2008). Seed after-ripening is a discrete developmental pathway asso-
ciated with speciﬁc gene networks in Arabidopsis. Plant J. 53, 214–224. doi:
10.1111/j.1365-313X.2007.03331.x
Chandler, P. M. (1988). Hormonal regulation of gene expression in the “slen-
der” mutant of barley (Hordeum vulgare L.). Planta 175, 115–120. doi:
10.1007/BF00402888
Chandler, P. M., Harding, C. A., Ashton, A. R., Mulcair, M. D., Dixon, N. E., and
Mander, L. N. (2008). Characterization of gibberellin receptor mutants of barley
(Hordeum vulgare L.). Mol. Plant. 1, 285–294. doi: 10.1093/mp/ssn002
Chandler, P.M.,Marion-Poll,A., Ellis,M., andGubler, F. (2002). Mutants at the Slen-
der1 locus of barley cv Himalaya. Molecular and physiological characterization.
Plant Physiol. 129, 181–190 doi: 10.1104/pp.010917
Chibani, K., Ali-Rachedi, S., Job, C., Job, D., Jullien, M., and Grappin, P. (2006).
Proteomic analysis of seed dormancy in Arabidopsis. Plant Physiol. 142, 1493–
1510. doi: 10.1104/pp.106.087452
Chitnis, V. R., Gao, F., Yao, Z., Jordan, M. C., Park, S., and Ayele, B. T. (2014).
After-ripening induced transcriptional changes of hormonal genes inwheat seeds:
the cases of brassinosteroids, ethylene, cytokinin and salicylic acid. PLoS ONE
9:e87543. doi: 10.1371/journal.pone.0087543
Chono,M.,Honda, I., Shinoda, S., Kushiro, T., Kamiya,Y.,Nambara, E., et al. (2006).
Field studies on the regulation of abscisic acid content and germinability during
grain development of barley: molecular and chemical analysis of pre-harvest
sprouting. J. Exp. Bot. 57, 2421–2434. doi: 10.1093/jxb/erj215
Chono, M., Matsunaka, H., Seki, M., Fujita, M., Kiribuchi-Otobe, C., Oda, S., et al.
(2013). Isolation of a wheat (Triticum aestivum L.) mutant in ABA 8′-hydroxylase
gene: effect of reduced ABA metabolism on germination inhibition under ﬁeld
condition. Breed Sci. 63, 104–115. doi: 10.1270/jsbbs.63.104
Cooke, J. E. K., Eriksson, M. E., and Junttila, O. (2012). The dynamic nature of bud
dormancy in trees: environmental control and molecular mechanisms. Plant Cell
Environ. 35, 1707–1728. doi: 10.1111/j.1365-3040.2012.02552.x
Corbineau, F., Benamar, A., and Come, D. (2000). Changes in sensitivity to abscisic
acid of the developing and maturing embryo of two wheat cultivars with different
sprouting susceptibility. Isr. J. Plant Sci. 48, 189–197. doi: 10.1560/HG09-MCP0-
GF6Y-3TD6
Davière, J. M., and Achard, P. (2013). Gibberellin signaling in plants. Development
140, 1147–1151. doi: 10.1242/dev.087650
Deol, K. K., Mukherjee, S., Gao, F., Brûlé-Babel, A., Stasolla, C., and Ayele, B. T.
(2013). Identiﬁcation and characterization of the three homeologues of a new
sucrose transporter in hexaploid wheat (Triticum aestivum L.). BMC Plant Biol.
13:181. doi: 10.1186/1471-2229-13–181
Derera, N. F. (1989). “Breeding for preharvest sprouting tolerance,” in Prehar-
vest Field Sprouting in Cereals, ed. N. F. Derera (Boca Raton, FL: CRC Press),
111–129.
Divi, U. K., and Krishna, P. (2010). Overexpression of the brassinosteroid biosyn-
thetic gene AtDWF4 in Arabidopsis seeds overcomes abscisic acid-induced
inhibition of germination and increases cold tolerance in transgenic seedlings.
J. Plant Growth Regul. 29, 385–393. doi: 10.1007/s00344-010-9150-3
El-Maarouf-Bouteau, H., and Bailly, C. (2008). Oxidative signaling in seed germi-
nation and dormancy. Plant Signal. Behav. 3, 175–182. doi: 10.4161/psb.3.3.5539
El-Maarouf-Bouteau, H., Meimoun, P., Job, C., Job, D., and Bailly, C. (2013). Role
of protein and mRNA oxidation in seed dormancy and germination. Front. Plant
Sci. 4:77. doi: 10.3389/fpls.2013.00077
Finch-Savage, W. E., and Leubner-Metzger, G. (2006). Seed dormancy and
the control of germination. New Phytol. 171, 501–523. doi: 10.1111/j.1469-
8137.2006.01787.x
Finkelstein, R., Reeves, W., Ariizumi, T., and Steber, C. (2008). Molecu-
lar aspects of seed dormancy. Annu. Rev. Plant Biol. 59, 387–415. doi:
10.1146/annurev.arplant.59.032607.092740
Friedrichsen, D. M., Nemhauser, J., Muramitsu, T., Maloof, J. N., Alonso, J., Ecker,
J. R., et al. (2002). Three redundant brassinosteroid early response genes encode
putative bHLH transcription factors required for normal growth. Genetics 162,
1445–1456.
Gao, F., Jordan, M. C., and Ayele, B. T. (2012). Transcriptional programs reg-
ulating seed dormancy and its release by after-ripening in common wheat
(Triticum aestivum L.). Plant Biotechnol. J. 10, 465–476. doi: 10.1111/j.1467-7652.
2012.00682.x
Gao, F., Rampitsch, C., Chitnis, V. R., Humphreys, G. D., Jordan, M. C., and Ayele,
B. T. (2013). Integrated analysis of seed proteome and mRNA oxidation reveals
distinct post-transcriptional features regulating dormancy in wheat (Triticum
aestivum L.). Plant Biotechnol. J. 11, 921–932. doi: 10.1111/pbi.12083
Garello, G., and Le Page-Degivry, M. T. (1999). Evidence for the role of abscisic
acid in the genetic and environmental control of dormancy in wheat (Triticum
aestivum L.). Seed Sci. Res. 9, 219–226. doi: 10.1017/S0960258599000227
Gerjets, T., Scholeﬁeld, D., Foulkes, M. J., Lenton, J. R., and Holdsworth, M. J.
(2010). An analysis of dormancy, ABA responsiveness, afterripening and pre-
harvest sprouting in hexaploid wheat (Triticum aestivum L.) caryopses. J. Exp.
Bot. 61, 597–607. doi: 10.1093/jxb/erp329
Gianinetti, A., Lucas, J. J., Laarhoven, L. J. J., Persijn, S. T., Harren, F. J. M.,
and Petruzzelli, L. (2007). Ethylene production is associated with germination
but not seed dormancy in red rice. Ann. Bot. 99, 735–745. doi: 10.1093/aob/
mcm008
Gomez-Cadenas,A.,Verhey, S.D.,Holappa, L.D., Shen,Q.,Ho,T.H.D., andWalker-
Simmons, M. K. (1999). An abscisic acid-induced protein kinase, PKABA1,
mediates abscisic acid suppressed gene expression in barley aleurone layers. Proc.
Natl. Acad. Sci. U.S.A. 96, 1767–1772. doi: 10.1073/pnas.96.4.1767
Graeber, K., Nakabayashi, K., Miatton, E., Leubner-Metzger, G., and Soppe, W. J.
(2012). Molecular mechanisms of seed dormancy. Plant Cell Environ. 35, 1769–
1786. doi: 10.1111/j.1365-3040.2012.02542.x
Gubler, F., Hughes, T., Waterhouse, P., and Jacobsen, J. (2008). Regulation of dor-
mancy in barley by blue light and after-ripening: effects on abscisic acid and
gibberellin metabolism. Plant Physiol. 147, 886–896. doi: 10.1104/pp.107.115469
Gubler, F., Kalla, R., Roberts, J. K., and Jacobsen, J. V. (1995). Gibberellin-regulated
expression of a myb gene in barley aleurone cells: evidence for MYB transac-
tivation of a high-pI α-amylase gene promoter. Plant Cell 7, 1879–1891. doi:
10.1105/tpc.7.11.1879
Gubler, F., Millar, A. A., and Jacobsen, J. V. (2005). Dormancy release,
ABA and preharvest sprouting. Curr. Opin. Plant Biol. 8, 183–187. doi:
10.1016/j.pbi.2005.01.011
Gubler, F., Raventos, D., Keys, M., Watts, R., Mundy, J., and Jacobsen, J. V. (1999).
Target genes and regulatory domains of the GAMYB transcriptional activator in
cereal aleurone. Plant J. 17, 1–9. doi: 10.1046/j.1365-313X.1999.00346.x
Hansen, M., Chae, H. S., and Kieber, J. J. (2009). Regulation of ACS pro-
tein stability by cytokinin and brassinosteroid. Plant J. 57, 606–614. doi:
10.1111/j.1365-313X.2008.03711.x
Hobo, T., Kowyama, Y., and Hattori, T. (1999). A bZIP factor, TRAB1, interacts
with VP1 and mediates abscisic acid-induced transcription. Proc. Natl. Acad. Sci.
U.S.A. 96, 15348–15353. doi: 10.1073/pnas.96.26.15348
Holdsworth, M. J., Bentsink, L., and Soppe, W. J. (2008a). Molecular networks reg-
ulating Arabidopsis seed maturation, after-ripening, dormancy and germination.
New Phytol. 179, 33–54. doi: 10.1111/j.1469-8137.2008.02437.x
Holdsworth, M. J., Finch-Savage, W. E., Grappin, P., and Job, D. (2008b). Post-
genomics dissection of seed dormancy and germination. Trends Plant Sci. 13,
7–13. doi: 10.1016/j.tplants.2007.11.002
Howell, K. A., Narsai, R., Carroll, A., Ivanova, A., Lohse, M., Usadel, B., et al.
(2009). Mapping metabolic and transcript temporal switches during germination
www.frontiersin.org September 2014 | Volume 5 | Article 458 | 9
Gao and Ayele Seed dormancy in wheat
in rice highlights speciﬁc transcription factors and the role of RNA instability
in the germination process. Plant Physiol. 149, 961–980. doi: 10.1104/pp.108.
129874
Ikeda, A., Ueguchi-Tanaka, M., Sonoda, Y., Kitano, H., Koshioka, M., Futsuhara, Y.,
et al. (2001). slender rice, a constitutive gibberellin response mutant, is caused
by a null mutation of the SLR1 gene, an ortholog of the height-regulating gene
GAI/RGA/RHT/D8. Plant Cell 13, 999–1010. doi: 10.1105/tpc.13.5.999
Jacobsen, J. V., Barrero, J. M., Hughes, T., Julkowska, M., Taylor, J. M., Xu, Q.,
et al. (2013). Roles for blue light, jasmonates and nitric oxide in the regulation
of dormancy and germination in wheat grain (Triticum aestivum L.). Planta 238,
121–138. doi: 10.1007/s00425-013-1878-0
Job, C., Rajjou, L., Lovigny, Y., Belghazi, M., and Job, D. (2005). Patterns of protein
oxidation in Arabidopsis seeds and during germination. Plant Physiol. 138, 790–
802. doi: 10.1104/pp.105.062778
Johnson, R. R., Wagner, R. L., Verhey, S. D., and Walker-Simmons, M. K. (2002).
The abscisic acid-response kinase PKABA1 interacts with a seed speciﬁc abscisic
acid response element-binding factor, TaABF, and phosphorylates TaABF peptide
sequences. Plant Physiol. 130, 837–846. doi: 10.1104/pp.001354
Kaneko, M., Inukai, Y., Ueguchi-Tanaka, M., Itoh, H., Izawa, T., Kobayashi,
Y., et al. (2004). Loss of-function mutations of the rice GAMYB gene impair
a-amylase expression in aleurone and ﬂower development. Plant Cell 16, 33–44.
doi: 10.1105/tpc.017327
Katagiri, T., Ishiyama, K., Kato, T., Tabata, S., Kobayashi, M., and Shinozaki,
K. (2005). An important role of phosphatidic acid in ABA signaling during
germination in Arabidopsis thaliana. Plant J. 43, 107–117. doi: 10.1111/j.1365-
313X.2005.02431.x
Kawakami, N., Miyake, Y., and Noda, K. (1997). ABA insensitivity and low ABA
levels during seed development of non-dormant wheat mutants. J. Exp. Bot. 48,
1415–1421. doi: 10.1093/jxb/48.7.1415
Kermode, A. R. (2005). Role of abscisic acid in seed dormancy. J. Plant Growth
Regul. 24, 319–344. doi: 10.1007/s00344-005-0110-2
Kim, H., Hwang, H., Hong, J. W., Lee, Y. N., Ahn, I. P., Yoon, I. S., et al. (2012). A
rice orthologue of the ABA receptor, OsPYL/RCAR5, is a positive regulator of the
ABA signal transduction pathway in seed germination and early seedling growth.
J. Exp. Bot. 63, 1013–1024. doi: 10.1093/jxb/err338
Kimura, M., and Nambara, E. (2010). Stored and neosynthesized mRNA in Ara-
bidopsis seeds: effects of cyclohex-imide and controlled deterioration treatment
on the resumption of transcription during imbibition. Plant Mol. Biol. 73,
119–129. doi: 10.1007/s11103-010-9603-x
King, R. W. (1993). Manipulation of grain dormancy in wheat. J. Exp. Bot. 44,
1059–1066. doi: 10.1093/jxb/44.6.1059
Kucera, B., Cohn, M. A., and Leubner-Metzger, G. (2005). Plant hormone interac-
tions during seed dormancy release and germination. Seed Sci. Res. 15, 281–307.
doi: 10.1079/SSR2005218
Laethauwer, S. D., Reheul, D., Riek, J. D., and Haesaert, G. (2012). Vp1 expression
proﬁles during kernel development in six genotypes of wheat, triticale and rye.
Euphytica 188, 61–70. doi: 10.1007/s10681-011-0613-9
Lee, S., Cheng,H.,King,K. E.,Wang,W.,He,Y.,Hussain,A., et al. (2002). Gibberellin
regulates Arabidopsis seed germination via RGL2, a GAI/RGA-like gene whose
expression is upregulated following imbibition. Genes Dev. 16, 646–658. doi:
10.1101/gad.969002
Lefebvre, V., North, H., Frey, A., Sotta, B., Seo, M., Okamoto, M., et al. (2006).
Functional analysis of Arabidopsis NCED6 and NCED9 genes indicates that ABA
synthesized in the endosperm is involved in the induction of seed dormancy.
Plant J. 45, 309–319. doi: 10.1111/j.1365-313X.2005.02622.x
Li, A., Yang, W., Li, S., Liu, D., Guo, X., Sun, J., et al. (2013). Molecular charac-
terization of three GIBBERELLIN-INSENSITIVE DWARF1 homologous genes in
hexaploid wheat. J. Plant Physiol. 170, 432–443. doi: 10.1016/j.jplph.2012.11.010
Li, C. J., Liu, Z. J., Zhang, Q. R., Wang, R. Z., Xiao, L. T., Ma, H., et al. (2012).
SKP1 is involved in abscisic acid signaling to regulate seed germination, stomatal
opening and root growth in Arabidopsis thaliana. Plant Cell Environ. 35, 952–965.
doi: 10.1111/j.1365-3040.2011.02464.x
Li, J., and Nam, K. H. (2002). Regulation of brassinosteroid signaling by
a GSK3/SHAGGY-like kinase. Science 295, 1299–1301. doi: 10.1126/sci-
ence.1065769
Linkies, A., and Leubner-Metzger, G. (2012). Beyond gibberellins and abscisic acid:
how ethylene and jasmonates control seed germination. Plant Cell Rep. 31, 253–
270. doi: 10.1007/s00299-011-1180-1
Liu,A.,Gao, F., Kanno,Y., Jordan,M.C.,Kamiya,Y., Seo,M., et al. (2013). Regulation
of wheat seed dormancy by after-ripening is mediated by speciﬁc transcriptional
switches that induce changes in seed hormone metabolism and signaling. PLoS
ONE 8:e56570. doi: 10.1371/journal.pone.0056570
Liu, Y., Koornneef, M., and Soppe, W. J. (2007). The absence of histone
H2B monoubiquitination in the Arabidopsis hub1 (rdo4) mutant reveals a role
for chromatin remodeling in seed dormancy. Plant Cell 19, 433–444. doi:
10.1105/tpc.106.049221
Locke, J. M., Bryce, J. H., and Morris, P. C. (2000). Contrasting effects of ethylene
perception and biosynthesis inhibitors on germination and seedling growth of
barley (Hordeum vulgare L.). J. Exp. Bot. 51, 1843–1849. doi: 10.1093/jexbot/51.
352.1843
Lopez-Molina, L., Mongrand, S., McLachlin, D. T., Chai, B. T., and Chua,
N. H. (2002). ABI5 acts downstream of ABI3 to execute an ABA-dependent
growth arrest during germination. Plant J. 32, 317–328. doi: 10.1046/j.1365-
313X.2002.01430.x
Malagnac, F., Bartee, L., and Bender, J. (2002). An Arabidopsis SET domain protein
required for maintenance but not establishment of DNA methylation. EMBO J.
21, 6842–6852. doi: 10.1093/emboj/cdf687
Matilla, A. J., and Matilla-Vázquez, M. A. (2008). Involvement of ethylene in seed
physiology. Plant Sci. 175, 87–97. doi: 10.1016/j.plantsci.2008.01.014
McKibbin, R. S., Wilkinson, M. D., Bailey, P. C., Flintham, J. E., Andrew, L. M.,
Lazzeri, P. A., et al. (2002). Transcripts of Vp-1 homeologues are misspliced in
modern wheat and ancestral species. Proc. Natl. Acad. Sci. U.S.A. 99, 10203–
10208. doi: 10.1073/pnas.152318599
Meimoun, P., Mordret, E., Langlade, N. B., Balzergue, S., Arribat, S., Bailly, C.,
et al. (2014). Is gene transcription involved in seed dry after-ripening? PLoS ONE
9:e86442. doi: 10.1371/journal.pone.0086442
Millar, A. A., Jacobsen, J. V., Ross, J. J., Helliwell, C. A., Poole, A. T., Scoﬁeld, G.,
et al. (2006). Seed dormancy and ABA metabolism in Arabidopsis and barley: the
role of ABA 8′-hydroxylase. Plant J. 45, 942–954. doi: 10.1111/j.1365-313X.2006.
02659.x
Morris, C. F., Moffatt, J. M., Sears, R. G., and Paulsen, G. M. (1989). Seed dormancy
and responses of caryopses, embryos, and calli to abscisic acid in wheat. Plant
Physiol. 90, 643–647. doi: 10.1104/pp.90.2.643
Nakabayashi, K., Okamoto, M., Koshiba, T., Kamiya, Y., and Nambara, E. (2005).
Genome-wide proﬁling of stored mRNA in Arabidopsis thaliana seed germi-
nation: epigenetic and genetic regulation of transcription in seed. Plant J. 41,
697–709. doi: 10.1111/j.1365-313X.2005.02337.x
Nakamura, S., Abe, F., Kawahigashi, H., Nakazono, K., Tagiri, A., Matsumoto,
T., et al. (2011). A wheat homolog of MOTHER OF FT AND TFL1 acts in the
regulation of germination. Plant Cell 23, 3215–3229. doi: 10.1105/tpc.111.088492
Nakamura, S., and Toyama, T. (2001). Isolation of a VP1 homologue from wheat
and analysis of its expression in embryos of dormant and non-dormant cultivars.
J. Exp. Bot. 52, 875–876. doi: 10.1093/jexbot/52.362.1952
Nambara, E., and Marion-Poll, A. (2005). Abscisic acid biosynthesis and
catabolism. Annu. Rev. Plant Biol. 56, 165–185. doi: 10.1146/annurev.arplant.
56.032604.144046
Nambara, E., Okamoto, M., Tatematsu, K., Yano, R., Seo, M., and Kamiya, Y. (2010).
Abscisic acid and the control of seed dormancy and germination. Seed Sci. Res.
20, 55–67. doi: 10.1017/S0960258510000012
Noda, K., Matsuura, T., Maekawa, M., and Taketa, S. (2002). Chromosomes respon-
sible for sensitivity of embryo to abscisic acid and dormancy in wheat. Euphytica
123, 203–209. doi: 10.1023/A:1014948712848
Nomura, T., Ishihara, A., Yanagita, R. C., Endo, T. R., and Iwamura, H. (2005).
Three genomes differentially contribute to the biosynthesis of benzoxazinones
in hexaploid wheat. Proc. Natl. Acad. Sci. U.S.A. 102, 16490–16495. doi:
10.1073/pnas.0505156102
Oracz, K., El-Maarouf Bouteau, H., Farrant, J. M., Cooper, K., Belghazi,
M., Job, C., et al. (2007). ROS production and protein oxidation as a
novel mechanism for seed dormancy alleviation. Plant J. 50, 452–465. doi:
10.1111/j.1365-313X.2007.03063.x
Park, S., Rampitsch, C., Humphreys, G. D., and Ayele, B. T. (2013). Wheat seed
proteins regulated by imbibition independent of dormancy status. Plant Signal.
Behav. 8:e26601. doi: 10.4161/psb.26601
Peng, J. R., Richards, D. E., Hartley, N. M., Murphy, G. P., Devos, K. M., Flintham,
J. E., et al. (1999). ‘Green Revolution’ genes encode mutant gibberellin response
modulators. Nature 400, 256–261. doi: 10.1038/22307
Frontiers in Plant Science | Plant Genetics and Genomics September 2014 | Volume 5 | Article 458 | 10
Gao and Ayele Seed dormancy in wheat
Preston, J., Tatematsu, K., Kanno, Y., Hobo, T., Kimura, M., Jikumaru, Y.,
et al. (2009). Temporal expression patterns of hormone metabolism genes
during imbibition of Arabidopsis thaliana seeds: a comparative study on dor-
mant and non-dormant accessions. Plant Cell Physiol. 50, 1786–1800. doi:
10.1093/pcp/pcp121
Rajjou, L., Gallardo, K., Debeaujon, I., Vandekerckhove, J., Job, C., and Job, D.
(2004). The effect of a-amanitin on the Arabidopsis seed proteome highlights the
distinct roles of stored and neosynthesized mRNAs during germination. Plant
Physiol. 134, 1598–1613. doi: 10.1104/pp.103.036293
Rikiishi, K., and Maekawa, M. (2010). Characterization of a novel wheat (Triticum
aestivum L.) mutant with reduced seed dormancy. J. Cereal Sci. 51, 292–298. doi:
10.1016/j.jcs.2010.01.003
Rodriguez, M. V., Mendiondo, G. M., Cantoro, R., Auge, G. A., Luna, V.,
Masciarelli, O., et al. (2012). Expression of seed dormancy in grain sorghum
lines with contrasting pre-harvest sprouting behavior involves differential reg-
ulation of gibberellin metabolism genes. Plant Cell Physiol. 53, 64–80. doi:
10.1093/pcp/pcr154
Rodriguez, M.V., Mendiondo, G. M., Maskin, L., Gudesblat, G. E., Iusem, N. D., and
Benech-Arnold, R. L. (2009). Expression of ABA signaling genes andABI5 protein
levels in imbibed Sorghum bicolor caryopses with contrasting dormancy and at
different developmental stages.Ann. Bot. 104, 975–985. doi: 10.1093/aob/mcp184
Rodriguez, M.V., Toorop, P. E., and Benech-Arnold, R. L. (2011). “Challenges facing
seed banks and agriculture in relation to seed quality,” in Seed dormancy: Methods
and Protocols, Methods in Molecular Biology, Vol. 773, ed. A. R. Kermode (New
York, NY: Humana Press), 17–40.
Rodriguez-Gacio, M. C., Matilla-Vazquez, M. A., and Matilla, A. J. (2009). Seed
dormancy and ABA signaling: the breakthrough goes on. Plant Signal. Behav. 4,
1035–1049. doi: 10.4161/psb.4.11.9902
Sadanandom, A., Bailey, M., Ewan, R., Lee, J., and Nelis, S. (2012). The ubiquitin-
proteasome system: central modiﬁer of plant signaling. New Phytol. 196, 13–28.
doi: 10.1111/j.1469-8137.2012.04266.x
Schoonheim, P. J., Sinnige, M. P., Casaretto, J. A., Veiga, H., Bunney, T. D., Qua-
trano, R. S. et al. (2007). 14-3-3 adaptor proteins are intermediates in ABA
signal transduction during barley seed germination. Plant J. 49, 289–301. doi:
10.1111/j.1365-313X.2006.02955.x
Schramm, E. C., Abellera, J. C., Strader, L. C., Campbell, K. G., and Ste-
ber, C. M. (2010). Isolation of ABA-responsive mutants in allohexaploid
bread wheat (Triticum aestivum L.): drawing connections to grain dormancy,
preharvest sprouting, and drought tolerance. Plant Sci. 179, 620–629. doi:
10.1016/j.plantsci.2010.06.004
Schramm, E. C., Nelson, S. K., Kidwell, K. K., and Steber, C. M. (2013). Increased
ABA sensitivity results in higher seed dormancy in soft white springwheat cultivar
‘Zak.’Theor. Appl. Genet. 126, 791–803. doi: 10.1007/s00122-012-2018-0
Schramm, E. C., Nelson, S. K., and Steber, C. M. (2012). Wheat ABA-
insensitive mutants result in reduced grain dormancy. Euphytica 188, 35–49.
doi: 10.1007/s10681-012-0669-1
Simpson, G. M. (1990). Seed Dormancy in Grasses. Cambridge: Cambridge
University Press. doi: 10.1017/CBO9780511721816
Steber, C. M., and McCourt, P. (2001). A role for brassinosteroids in germination in
Arabidopsis. Plant Physiol. 125, 763–769. doi: 10.1104/pp.125.2.763
Sun, T. P. (2011). The molecular mechanism and evolution of the GA-
GID1-DELLA signaling module in plants. Curr. Biol. 21, R338–R345. doi:
10.1016/j.cub.2011.02.036
Suzuki, T., Matsuura, T., Kawakami, N., and Noda, K. (2000). Accumu-
lation and leakage of abscisic acid during embryo development and seed
dormancy in wheat. Plant Growth Regul. 30, 253–260. doi: 10.1023/A:1006320
614530
Tang,W., Kim, T. W., Oses-Prieto, J. A., Sun, Y., Deng, Z., Zhu, S., et al. (2008). BSKs
mediate signal transduction from the receptor kinase BRI1 in Arabidopsis. Science
321, 557–560. doi: 10.1126/science.1156973
Tyler, L., Thomas, S. G., Hu, J., Dill, A., Alonso, J. M., Ecker, J. R., et al. (2004).
DELLA proteins and gibberellin-regulated seed germination and ﬂoral devel-
opment in Arabidopsis. Plant Physiol. 135, 1008–1019. doi: 10.1104/pp.104.
039578
Ueguchi-Tanaka, M., Ashikari, M., Nakajima, M., Itoh, H., Katoh, E., Kobayashi,
M., et al. (2005). Gibberellin insensitive dwarf1 encodes a soluble receptor for
gibberellin. Nature 437, 693–698. doi: 10.1038/nature04028
Walker-Simmons, M. K. (1987). ABA levels and sensitivity in developing wheat
embryos of sprouting resistant and susceptible cultivars. Plant Physiol. 84, 61–66.
doi: 10.1104/pp.84.1.61
Woodger, F. J., Gubler, F., Pogson, B., and Jacobsen, J.V. (2003). AMak-like kinase is a
repressor of GAMYB in barley aleurone. Plant J. 33, 707–717. doi: 10.1046/j.1365-
313X.2003.01663.x
Xiao, B., Wilson, J. R., and Gamblin, S. J. (2003). SET domains and histone
methylation. Curr. Opin. Struct. Biol. 13, 699–705. doi: 10.1016/j.sbi.2003.
10.003
Xi, W., Liu, C., Hou, X., and Yu, H. (2010). MOTHER OF FTAND TFL1 reg-
ulates seed germination through a negative feedback loop modulating ABA
signaling in Arabidopsis. Plant Cell 22, 1733–1748. doi: 10.1105/tpc.109.
073072
Yamaguchi, S. (2008). Gibberellin metabolism and its regulation. Annu. Rev. Plant
Biol. 59, 25–251. doi: 10.1146/annurev.arplant.59.032607.092804
Zhang, L. Y., Bai, M. Y., Wu, J., Zhu, J. Y., Wang, H., Zhang, Z., et al. (2009).
Antagonistic HLH/bHLH transcription factors mediate brassinosteroid regula-
tion of cell elongation and plant development in rice and Arabidopsis. Plant Cell
21, 3767–3780. doi: 10.1105/tpc.109.070441
Zhang, X. R., Garreton, V., and Chua, N. H. (2005). The AIP2 E3 ligase acts as a
novel negative regulator of ABA signaling by promoting ABI3 degradation. Genes
Dev. 19, 1532–1543. doi: 10.1101/gad.1318705
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 13 May 2014; accepted: 26 August 2014; published online: 15 September
2014.
Citation: Gao F and Ayele BT (2014) Functional genomics of seed dormancy in wheat:
advances and prospects. Front. Plant Sci. 5:458. doi: 10.3389/fpls.2014.00458
This article was submitted to Plant Genetics and Genomics, a section of the journal
Frontiers in Plant Science.
Copyright © 2014 Gao and Ayele. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
www.frontiersin.org September 2014 | Volume 5 | Article 458 | 11
